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Abstract 
 
We report on low-temperature MOVPE growth of silicon delta-doped β-Ga2O3 films with low FWHM. The as-grown films are 
characterized using Secondary-ion mass spectroscopy, Capacitance-Voltage and Hall techniques. SIMS measurements show that 
surface segregation is the chief cause of large FWHM in MOVPE-grown films. The surface segregation coefficient (R) is 
observed to reduce with reduction in the growth temperature. Films grown at 600 °C show an electron concentration of 9.7 x 
1012 cm-2 and a FWHM of 3.2 nm. High resolution scanning/transmission electron microscopy of the epitaxial film did not reveal 
any significant observable degradation in crystal quality of the delta sheet and surrounding regions. Hall measurements of delta-
doped film on Fe-doped substrate showed a sheet charge density of 6.1 x 1012 cm-2 and carrier mobility of 83 cm2/V. s. Realization 
of sharp delta doping profiles in MOVPE-grown β-Ga2O3 is promising for high performance device applications. 
 
 
 
 
Ultrawide bandgap β-Ga2O3 is a promising material for high-power and high-frequency applications. The high critical breakdown 
field enables fabrication of devices with thinner active region leading to a significant reduction in on-resistance compared to 
other semiconductors1. Additionally, the availability of high-quality, large area, single-crystal substrates and controllable n-type 
conductivity makes β-Ga2O3 a potential competitor to existing power semiconductors2. Growth of β-Ga2O3 and n-type doping 
has already been studied utilizing a variety of growth techniques3–11. Significant progress has been made in growth and 
fabrication of β-Ga2O3 based power devices. Critical breakdown field strength up to 5.7 MV/cm has already been realized in 
BTO/β-Ga2O3 heterostructure Schottky diodes12. Breakdown voltage of 8 kV has been demonstrated in lateral β-Ga2O3 
MOSFET, indicating great promise for β-Ga2O3 based power electronics13. 
   
 Most of the β-Ga2O3 devices are based on uniformly-doped channels, which limits the performance and design space of 
power and RF devices. Channels with abrupt doping profiles can offer improved performance in terms of on-current, breakdown 
voltage and higher transconductance than a uniformly doped channel14. Delta-doped channels are expected to have reduced 
scattering with the ionized donor atoms due to the wavefunction spreading into the neighboring undoped regions, which can lead 
to an increase in carrier mobility15. High-density MBE(Molecular beam epitaxy)-grown delta-doped layers with sheet charge up 
to 1 x 1013 cm-2 and room temperature mobility of 75 cm2/V. s has been realized recently16. By coupling multiple delta sheets of 
high sheet charge, a high carrier mobility of 83 cm2/V.s has been realized at a sheet charge density of 2.4 x 1014 cm-2  using 
MBE-grown β-Ga2O3 films17. By shrinking the gate length aggressively (~250 nm) and realizing low resistance ohmic contacts, 
delta-doped FET with high current density and cut-off frequency (27 GHz) have been realized using MBE16,18. However, most 
of the research till date is focused on MBE growth of delta-doped and modulation-doped films. Recent reports of record high 
mobility in MOVPE-grown β-Ga2O3 films indicate the promise of MOVPE (Metalorganic vapor-phase epitaxy)  technique for 
fabrication of high power β-Ga2O3 devices3,8,19,20. High-quality epilayers with low FWHM (full width at half maximum) and 
high-density sheet charge are required to realize state-of-the-art device performance using MOVPE material. 
 
  In addition to use as a channel layer, study of delta doping is critical for attaining high density 2DEG(two-dimensional electron 
gas) at β-(AlxGa1-x)2O3/ β-Ga2O3 heterostructures21. Theoretical predictions show that 2DEG mobility values exceeding the limit 
of bulk β-Ga2O3 can be attained by realizing a high-density 2DEG at the heterointerface22.  To realize a high density 2DEG, it is 
critical to obtain a sharp high-density sheet charge in the β-(AlxGa1-x)2O3 barrier layer. Additionally, barriers with higher Al 
content are important for confining a high-density 2DEG. MOVPE growth technique is promising for growth of high-
composition β-(AlxGa1-x)2O3 with Al composition up to 40 % has been realized in MOVPE23. N-type doping of β-(AlxGa1-x)2O3 
is predicted to be feasible for Al composition up to 0.824, experimentally n-type doping of β-(AlxGa1-x)2O3 films has already been 
reported by multiple groups23,25. Insofar, delta doping in β-Ga2O3 has only been studied by MBE and MOCVD techniques16,26. 
However, sharp delta sheets with low FWHM  has only been realized using MBE technique16. In this work, we have studied 
growth of MOVPE-grown delta-doped films and realized sharp doping profiles with narrow FWHM. Using SIMS (secondary 
ion mass spectroscopy) analysis, silicon surface segregation is identified as the key contributor to large FWHM of the delta 
sheets. By lowering the growth temperature from 810 °C to 600 °C, delta sheet charge of 9.7 x 1012 cm-2 and FWHM of 3.2 nm 
is realized. Hall measurements of β-Ga2O3 films on Fe-doped substrates indicate that the carrier mobility can be improved by 
utilizing coupled multiple delta-doped layers. 
  
 Fig 1. Timing diagram utilized for realizing MOVPE-grown delta-doped β-Ga2O3 films 
Growth of β-Ga2O3 is performed using Agnitron Agilis MOVPE reactor with Triethyl Gallium (TEGa), Trimethyl aluminum 
(TMAl) and oxygen (O2) as precursors and Argon as carrier gas. Diluted Silane (SiH4) is used as silicon source for achieving 
controllable n-type doping. Delta doping of β-Ga2O3 is achieved through a growth interruption-based process where the flow of 
TEGa is stopped and silane is flowed into the chamber. A pre- and post-purge step (30s each) is performed to remove any unreacted 
precursors from the growth chamber. For achieving delta doping, silane is supplied to the chamber under an oxygen ambient (Fig. 
1). UID β-Ga2O3 is grown before and after the delta doped layer, which acts as a buffer and cap layer respectively. The density of 
silicon delta sheet is controlled by tuning silane flow, silane time, pre- and post-purge steps. Such growth interruption-based 
approach has already been utilized for delta doping of MOVPE-grown GaN films27,28. To obtain reliable CV (Capacitance-voltage) 
measurements, the growths are performed on a Sn-doped (010) β-Ga2O3 substrates for the ease of Ohmic contact formation. Post 
growth Ti/Au (50/50 nm) thick contacts are deposited via sputtering to obtain backside ohmic contact to the substrate. Ni/Au 
(50/50 nm) contacts are deposited via ebeam evaporation to obtain Schottky contact to the top layer after patterning using 
photolithography. CV measurements are performed on the fabricated diodes to obtain charge density and distribution of the silicon 
delta sheet charge. Epitaxial films with similar growth conditions are also grown on Fe-doped β-Ga2O3 substrates for hall 
characterization. Additionally, multiple delta sheets with varying growth conditions are also grown on Fe-doped substrates to 
measure the SIMS silicon density as a function of growth conditions. 
 
 
Fig.2 (a) SIMS profiles of Si delta-doped layers grown at 600 °C, 700 °C and 810 °C. (b) Variation of the surface 
segregation coefficient (R) with growth temperature. 
 
 
In addition to electrical characterization, SIMS measurements are also performed to understand the actual silicon atom density and 
spread of the silicon atoms. Silicon delta sheets are grown at different growth temperatures while keeping other process parameters 
the same (silane flow time – 60s, pre-purge – 30s, silane flow – 7.7 nmol/min, post-purge- 30s). Silicon delta doped layers are 
grown with UID Ga2O3 spacer layers (~ 150 nm). Carbon and hydrogen concentrations were below/close to detection limit, 
indicating low concentration of external impurities (see supplementary data) even at 600 °C growth temperature. The SIMS 
profiles for delta sheets grown at 810 °C, 700 °C and 600 °C are plotted in figure. 2(a). The integrated Si atom density has a weak 
dependence on growth temperature. The silicon density reduced from 1.1 x 1013 cm-2 to 8.7 x 1012 cm-2 with increase in growth 
temperature (600 °C – 810 °C), this effect could be attributed to increased Si desorption at higher temperatures.   Delta sheets 
grown at higher growth temperatures show more spread in the silicon profiles compared to other films with similar sheet 
concentration. Further analysis revealed that the tail of the Si profile can be modeled using the surface segregation model. Surface 
segregation of dopant impurities has been observed in epitaxial growth of compound semiconductors29–31. Recently, Fe surface 
segregation has been observed in MBE growth of β-Ga2O331. The value of surface segregation coefficient (R) indicates the amount 
of surface riding of impurity atoms, higher the value of R lower the silicon incorporation. By calculating an initial surface coverage 
(θ0), the surface coverage  (θn)   and sheet concentration [Sin] can be determined for each monolayer ‘n’ in the film. The value of 
R can be calculated using R = ([Si]N /[Si]1 )1/(N-1), where [Si]1 and [Si]N are the sheet concentrations for the first and nth layer 
respectively31.  Using the formalism in literature29,31, the surface segregation coefficient (R) is calculated for the Si profiles grown 
at different temperatures. The calculated silicon profile assuming a constant value of R is indicated by the dashed line in Fig.2(a). 
With reduction in growth temperature, SIMS FWHM of the delta sheet reduces from 21 nm to 11 nm from 810 °C to 600 °C. The 
calculated model and the experimental results agree very well; this shows that surface segregation is the dominant cause of spread 
in silicon profiles. However, the mechanism behind the backward silicon tail (towards the substrate) of silicon is still unclear. Si 
diffusion cannot explain the dopant profile since the diffusion of silicon is prominent only at temperatures much higher than the 
MOVPE growth temperature, as reported from ion implantation experiments32,33  (~ 1100 °C). However, the silicon atom diffusion 
could be enhanced by vacancies and interstitials near the growth surface. Further experiments are needed to identify the cause of 
this phenomenon. To obtain delta sheets with low FWHM, reducing the segregation coefficient R is very critical. Hence, it is 
important to understand how R varies as a function of temperature. Fig. 2(b) shows the variation of R with growth temperature, R 
reduces proportionally with reduction in growth temperature. Similar temperature dependence of R  has been observed in MBE 
growth of InGaAs, GaN and β-Ga2O329,31,34.   This suggests that for obtaining sharp dopant profiles, the growth temperature should 
be reduced to the lowest allowable value.  
 Fig.3 (a) CV measured charge profile of delta-doped β-Ga2O3 epilayers grown at 600 °C with inset of CV data (b) Plot 
of extracted FWHM (SIMS and CV) of Si delta sheet as a function of sheet charge density  
 
CV measurements were performed to understand the donor activation of the silicon delta sheet. A single delta sheet identical to 
the growth in Fig.2(600 °C) is grown on a Sn-doped substrate with 25 nm spacer and 450 nm buffer layer. CV measurements 
showed a sheet charge density of 9.7 x 1012 cm-2 and FWHM of 3.2 nm (Fig. 3(a)). In a uniformly doped semiconductor, the 
resolution of the CV profile is limited by the debye length. In a degenerate semiconductor with quantum confinement, the CV 
resolution is limited by the spread of the electron wavefunction. This places a lower limit on the FWHM measurement of the 
silicon delta sheet35. For an ideal delta sheet with zero spread in the donor profile, the FWHM equals 2(7/5)0.5 (4εℏ2/9e2N2Dm*)(1/3). 
Where ħ is the reduced Planck's constant, ε is the dielectric constant of (010) oriented β-Ga2O3 (10), m* is the conduction band 
effective mass in β-Ga2O3 (0.28 m0), e is charge of the electron and N2D is the electron sheet charge density. The measured FWHM 
of the silicon delta sheet is plotted in fig.3(b), FWHM measured by SIMS and CV is plotted as a function of sheet charge density. 
Films grown at higher temperatures have a relatively large FWHM values26. The SIMS measured FWHM reduces from 20 nm to 
10 nm with reduction in growth temperature from 810 °C to 600 °C. This is attributed to reduction in surface segregation with 
growth temperature as explained before. Similarly, CV measured FWHM of low temperature films(3.2 nm) is significantly smaller 
than the FWHM of samples grown at 810 °C (12 – 15 nm)26. Additionally, the FWHM of MOVPE silicon delta sheet is comparable 
to MBE grown films16, which is promising for MOVPE grown β-Ga2O3 films. Lower FWHM measured by CV compared to SIMS 
is attributed to the quantum confinement effect.   
 Fig.4 STEM images of delta-doped β-Ga2O3 films showing high crystalline quality (a) HAADF-STEM image of the 
sample in the [001�] projection (b) zoomed in image of the region surrounding the Si delta sheet 
STEM (scanning/transmission electron microscopy) imaging is performed on the delta-doped layers to ascertain the effect of 
growth interruption process (pre-purge and post-purge steps) on the crystalline quality of the as-grown films. High resolution High 
angle annular dark field-scanning transmission electron microscopy (HAADF-STEM) imaging is carried out using a FEI Titan G2 
60-300 transmission electron microscope (TEM) at 300kV. A condenser aperture of 70um was used with a convergence angle of 
30 mrads and the annular detector collection angles in the 42-250 mrad range. The probe current is approximately 90 pA. In STEM 
imaging, the contrast is proportional to the Z number of the atom, i.e. the heavier the atom, the brighter the contrast. Figure 4.(a) 
is a HAADF-STEM image of the sample in the [001�] projection. The top of the image corresponds to the Ni contact layer whereas 
the homogeneous darker contrast corresponds to β-Ga2O3. The yellow square highlights an area that contains the Si δ-Sheet and 
its corresponding image is shown in Figure 4. (b). The overall contrast of the image is homogeneous with no observable defects 
that could be potentially caused by the Si δ-Sheet. A zoom-in image superimposed with the β-Ga2O3 model is shown in the insert. 
Ga and O atoms are represented by teal and yellow spheres respectively. From these observation, it can be seen that the introduction 
of the Si δ-Sheet into the β-Ga2O3 does not affect its crystal structure. Indeed, the doping level of Si (~1 x 1013 cm-2) is low enough 
to not cause any damage in the β-Ga2O3 lattice. 
 
  
 
 
 
 
 
 
 
 
 
Fig.5 CV data of the delta sheet (on Fe-doped substrate) showing a sheet charge of 6.1 x 1012 cm-2 with inset showing 
the depth profile of the delta sheet 
In order to understand the electron transport of the delta doped β-Ga2O3 layers, hall measurements are done on delta-doped films 
on Fe-doped substrates. Based on theoretical calculations, delta doped films are expected to have reduced scattering compared to 
a uniformly doped semiconductor15, due to spread of the electron wavefunction. This can lead to an increase in carrier mobility as 
compared to a uniformly doped semiconductor. By employing multiple delta doped quantum wells, the mobility of the epitaxial 
film can be enhanced even further17. To understand the effect of dopant profiles on transport properties, hall measurements are 
performed on three different films – Sample A- 9 delta sheets with a 10 nm UID β-Ga2O3 spacer layer (5 nm cap layer for ohmic 
contact formation), Sample B – uniformly doped β-Ga2O3, Sample C – single delta sheet β-Ga2O3 with 120 nm buffer layer and 
Table I.  Details of Hall measurements performed on MOVPE-grown β-Ga2O3 films 
 
 Sample    Epitaxial Structure 
 
Sheet charge 
(cm-2) 
 
Equivalent   
doping density 
(cm-3 ) 
Mobility 
(cm2/V. s) 
 
Thickness  
(nm) 
 
A 
9 coupled delta 
wells(~1x 1013 each 
well) with 10 nm UID 
spacer 
9.6 x 1013    1.1 x 1019  77 85 
 
B 
Uniformly doped β-
Ga2O3 
8.5 x 1013 1 x 1019 50 85 
 
C 
Single delta sheet 
6.2 x 1012 - 83 - 
 
 
25 nm cap layer All the growths are performed at the similar growth temperature (600 - 650 °C), details of the hall measurements 
are listed in table 1. The thickness and equivalent charge volume density of samples A and B are kept similar for a fair comparison 
of carrier mobility. We found that making low resistance direct ohmic contact to a single delta sheet (sample C) is challenging. To 
circumvent this problem low temperature MOVPE regrowth is performed for direct contact to the electron sheet charge. Regrowth 
is done by using a SiO2 mask after etching the epitaxial film and regrowing heavily doped (n+) β-Ga2O3 contact layers to the delta 
channel.  Further details of the regrowth process will be reported elsewhere. Hall measurements of sample C showed a sheet charge 
of 6.2 x 1012 cm-2 and a mobility of 83 cm2/V.s. Additionally, we performed CV measurement to characterize the density of the 
delta sheet (Fig. 5). Equilibrium sheet charge density of 6.1 x 1012 cm-2 is extracted from the CV data. The CV measured charge 
density agrees well with the hall data, indicating the reliability of the electrical measurements. The measured mobility of the delta-
doped films is comparable to MBE-grown β-Ga2O3 films reported in literature16.  
 
Hall measurements of samples A and B showed that the mobility of sample A with coupled delta sheets (77 cm2/V. s) is ~50 % 
higher compared to uniformly doped β-Ga2O3 layers (50 cm2/V.s ). The equivalent doping density of sample A and B is close to 
1 x 1019 cm-3. The increase in carrier mobility could be attributed to spread of the electron wavefunction to undoped regions of the 
film. This lowers the ionized impurity scattering in the films, leading to improvement in overall mobility. However, the 
enhancement in mobility is lower when compared to similar structures studied in MBE grown GaAs15. One potential reason could 
be relatively large FWHM of Si doped β-Ga2O3 compared to Si-doped GaAs reported in literature. By further reducing the FWHM 
of the Si donors, further mobility improvement could potentially be attained15.  
 
 In summary, we have showed that surface segregation of silicon leads to large FWHM values in MOVPE-grown β-Ga2O3 delta 
doped films. SIMS measurements indicate that the surface segregation coefficient(R) reduced linearly with growth temperature. 
By reducing the growth temperature to 600 °C, silicon delta sheets with electron concentration FWHM (3.2 nm) close to the 
theoretical limit are realized. TEM measurement on the delta-doped film did not show any observable degradation in crystalline 
quality. Hall measurements on coupled delta sheets showed a ~50 % improvement in electron mobility compared to a uniformly-
doped film with equivalent 3D charge. Electrical characterization of the single delta sheet showed a sheet charge ns – 6.2 x 1012 
cm-2 and a carrier mobility of 83 cm2/V.s. This work on the demonstration of sharp delta doping in MOVPE-grown β-Ga2O3 films 
show the promise of delta-doped channel layers for high-power and RF applications. 
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